Live-cell correlative light-electron microscopy (live-cell-CLEM) integrates live movies with the corresponding electron microscopy (EM) image, but a major challenge is to relate the dynamic characteristics of single organelles to their 3-dimensional (3D) ultrastructure. Here, we introduce focused ion beam scanning electron microscopy (FIB-SEM) in a modular live-cell-CLEM pipeline for a single organelle CLEM. We transfected cells with lysosomal-associated membrane protein 1-green fluorescent protein (LAMP-1-GFP), analyzed the dynamics of individual GFPpositive spots, and correlated these to their corresponding fine-architecture and immediate cellular environment. By FIB-SEM we quantitatively assessed morphological characteristics, like number of intraluminal vesicles and contact sites with endoplasmic reticulum and mitochondria.
| INTRODUCTION
Correlative light-electron microscopy (CLEM) comprises a collection of techniques that integrate light and electron microscopic data from a single sample, thereby combining the strengths of the two techniques. CLEM uses the large field of view of the light microscope For live-cell CLEM, live-cell data can be obtained using various FM techniques such as widefield, confocal or super-resolution, depending on the research question and kinetics and size of objects of interest.
After imaging, the material is generally chemically fixed, and embedded in resin or prepared for cryosectioning. [1] [2] [3] [4] Alternatively, samples are cryo-immobilized by either plunge freezing or high-pressure freezing.
Samples can then be observed by cryo-FM and cryo-electron tomography (cryo-ET), 5 or freeze substituted and resin embedded, after which the samples are observed at room temperature. [6] [7] [8] Most strategies then rely on serial sectioning combined with transmission electron microscopy (TEM) to find back the ROI in EM. 3, 4, [9] [10] [11] Despite its frequent use, serial sectioning is labor intensive, and suffers from several problems, including material loss, deformation of sections and difficulty with registration of consecutive sections.
Recently, scanning EM (SEM)-based approaches have emerged as alternative tools to serial sectioning and TEM. 12 By improvements in resolution and detector sensitivity, state of the art SEM systems can be used to study intracellular structures, at a slightly lower resolution than TEM. This has led to rapid developments in array tomography (AT), 13 serial block face SEM (SBF-SEM) 14 and focused ion beam SEM (FIB-SEM), 15, 16 techniques that are often referred to as volume EM since they yield information in 3D. In AT manually or automatically cut serial sections are collected on conductive supports, and automatically imaged in a SEM to reconstruct 3D structures. In SBF-SEM sectioning occurs in the SEM vacuum chamber, by use of a miniaturized ultramicrotome and diamond knife. In FIB-SEM, a highly focused gallium ion beam ablates a thin layer of the sample after which the newly exposed surface is imaged with the scanning electron beam. The system repeats this cycle for hundreds or thousands of slices until the volume of interest is imaged, generating imaged volumes that can reach upwards of 10 6 μm 3 in state of the art systems. 17, 18 Of these volume EM techniques FIB-SEM provides the highest resolution in Z (4 nm), making it the technique of choice for imaging subcellular structures where visualization of morphological details is essential to establish their identity. 18, 19 Moreover, since the gallium ion beam is precisely controlled, it can be used to target specific ROIs for imaging, which reduces the time for imaging and data processing. This is important since FIB-SEM imaging is time consuming (on average 2-5 days of image acquisition per cell) and destructive (individual slices are destroyed during imaging). It is therefore highly advantageous to precisely select the ROI before starting image acquisition. This can be achieved through CLEM.
In previous studies demonstrating the ability to combine live-cell FM with either FIB-SEM or SBF-SEM, 2, 20, 21 In our studies, we label endolysosomes by both genetically expressed LAMP-1-GFP 33 and endocytosed fluorescent dextran.
LAMP-1 is a well characterized integral membrane protein that in steady state is mostly confined to the limiting membrane of late endosomes and lysosomes. 24 However, since newly synthesized LAMP-1 can travel to the plasma membrane for subsequent endocytosis, low levels can be found in early endosomes, as shown in previous immuno-EM studies. 34, 35 Moreover, since late endosomes and lysosomes fuse with autophagosomes, LAMP-1 is also present in
autolysosomes. An overview of compartments that can contain LAMP-1 is given in Figure 1 . Fluorescent dextran is a fluid phase endocytic tracer, which predominantly labels the degradative pathway. 36 Thus, constitutively endocytosed dextran will mark early and late endosomes, lysosomes and autolysosomes. Consequently, the identity of the LAMP-1-GFP-and/or dextran-positive compartments cannot be deduced from fluorescent images alone, but requires ultrastructural characterization. The main distinguishing morphological characteristics of endolysosomal compartments are described in numerous papers (reviewed in References 25, 26;  summarized in table   2 of Reference 24) and described in Table 1 of this paper.
A schematic overview of our live cell to 3D FIB-SEM CLEM procedure is given in Figure 2 . We start our approach by culturing cells on gridded glass coverslips, 4 After completion of the steps described above, samples were postfixed in half-strength Karnovsky's fixative and stored in 1% formaldehyde or immediately taken for further processing. We applied 2 different postfixation strategies, either osmium tetroxide (OsO 4 )
followed by tannic acid and uranyl acetate (staining applied in Figure 3 ), or a heavier staining strategy using reduced osmium tetroxide-thiocarbohydrazide-osmium tetroxide (R-OTO) followed by uranyl acetate and Walton's lead aspartate (staining applied in Figures 4-6). 57, 58 Both protocols are described in-depth in Section 4.
The latter strategy yielded more pronounced membranes and an overall better visualization of morphological details. After resin embedding and polymerization of the resin, the Epon block containing the imaged cell was separated from the coverslip by repeatedly dipping in liquid nitrogen and separating the glass from the resin surface with a clean razor blade. The pattern of the gridded coverslip on the resin surface ( Figure 2D ) greatly facilitated retracing of the ROI in the FIB-SEM.
The resin blocks were mounted on standard specimen stubs for SEM with the basal side of the cells facing up, rendered conductive 
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Autolysosome Large, irregularly shaped vacuole (300 nm to >2000 nm), with highly heterogeneous content, electron-lucent and electron-dense regions, sometimes with remnants of degraded organelles and cytosolic material. Table 2 .
52-55
After automated imaging, we reconstructed the data set in the same orientation as our live-cell movies to compare the volume EM data to the fluorescence Z-stack. We retraced the focal plane of livecell imaging by selecting at least 3 fluorescent spots from the live-cell imaging plane and measured the distances between the centers of these spots using Fiji. The pattern formed by these spots was then retraced in the volume EM data to identify the slice containing the previously live-imaged organelles ( Figure S1 ). Thus, we used individual compartments as landmarks for correlation between FM and FIB-SEM. When the Z-plane of live imaging was retraced in the FIB-SEM data set, we correlated all live-imaged compartments for ultrastructural analysis.
| Live-cell CLEM of a LAMP-1-GFP-positive early endosome
After establishing the optimized CLEM protocol for live-cell 3D CLEM (Figure 2 ), we performed a series of experiments on ROIs containing distinct LAMP-1-GFP-positive compartments that were visible for the duration of the movie and showed distinctive dynamic behaviors. In Table 3 shows the collection of parameters gathered on spot 1. Scale bars for A, C: 25 μm; B, D, E: 1 μm; F,G:500 nm
Legend on next page.
Figure 3A, we identify a dense LAMP-1-GFP spot with a dark core (further indicated as spot 1 in Figure 3A and Movie S1). This staining pattern is typical for LAMP-1, which is mostly present in the limiting membrane of endolysosomal compartments ( Figure 1 ). The dense fluorescence represents LAMP-1-GFP in the limiting membrane, while the dark core represents the lumen that is devoid of LAMP-1-GFP. During live imaging, spot 1 was motile but within a restricted area, it remained within 2 μm from the plasma membrane ( Figure 3B , Table 3 ).
The Z-stack after fixation revealed that the central compartment of spot 1 contained dextran, indicating that it was reached by internalized cargo ( Figure 3C,D) . Table 3 ), which is why we refer to these spots as spot 2-5. Based on their morphology, we discriminated 3 condensed LAMP-1-GFPpositive dots (spots 2-4) and a larger (approximately 0.8 μm) ringshaped structure (spot 5) (Movie S3). These larger-sized ring structures were regularly observed and are characteristic for LAMP-1-GFP expressing cells.
Spots 2-4 were highly motile, and moved closely around the ringshaped spot 5, which displayed a more stationary position (Table 3 ).
In the first 30 seconds of imaging, spot 4 was so close to spot 5 that they could not be discerned by fluorescence microscopy ( Figure 4A ).
Spots 2 and 3 initially moved freely, but after 60 seconds associated with spot 5 until fixation 1 minute later. Interestingly, we could still identify local spots of intense GFP signal on spot 5, indicating that spots 2 and 3 moved along with spot 5 for 60 seconds, while retaining their identities. After fixation, we found that spots 2-4 were all positive for dextran ( Figure 4B ), while the ring-shaped spot 5 was negative.
The FIB-SEM data revealed that spots 2, 3 and 4 have a very similar morphology (Table 3 , Figure 4C ). The 3 compartments were small (diameters between 0.3 and 0.5 μm) and irregularly shaped. Figure 4E ). This morphology is characteristic for lysosomes and autolysosomes, which both can appear as large vacuoles with irregular content (Table 1) . Interestingly, we found late endosomal spots 2 and 3 closely opposed to the limiting membrane of (auto)lysosomal spot 5, but without membrane fusion profiles, neither between the 2 late endosomal spots nearby GFP-positive spot over a period of 10 seconds, after which these 2 spots could no longer be discerned, indicating a fusion event.
At circa 96 seconds, spot 10 merged with a nearby fluorescent spot leading to an increase in local fluorescence intensity. Spot 9 became visible only later in the movie, at 64 seconds (Movie S4).
After fixation, we found that spots 8, 9 and 10 contained high levels of dextran, whereas spots 6 and 7 were only mildly positive ( Figure 5C,D) . In the fluorescent Z-stack, spots 9 and 10 were present in several 200 nm slices above and below the live-cell imaging plane, suggesting a large size for these compartments, or, alternatively, the presence of multiple compartments located on top of each other. The live-cell data on spots 6 to 10 are further summarized in Table 3 .
In the FIB-SEM data, we retraced spots 6 to 10 as morphologi- Figure 5G ). These characteristics identify spot 6 as an early endosome (Table 3) . Interestingly, these data show that early endosomes do not always contain a clathrin coat during maturation. This type of information is difficult to extract from 2-dimensional (2D) EM data, since clathrin coats cover only limited areas of the endosomal vacuole, which in 2D EM may be present outside the section. The presence of a clathrin coat is probably dependent on cargo supply. Previous work has demonstrated the feasibility of FIB-SEM to resolve membrane contact sites in 3D. 71 Here, we analyzed our data sets for the presence of contact sites between correlated endolysosomal compartments and the ER. Remarkably, these contact sites were observed regardless of (Table 3 , Figure 6E ). These data show that ER forms contact sites occur in abundance with multiple types of endolysosomal compartments, and that FIB-SEM provides a powerful tool to study these interactions in 3D.
| DISCUSSION
We present an efficient method to routinely trace individual compartments from live-cell fluorescence all the way to volume EM, a method we refer to as single organelle microscopy. The high spatiotemporal resolution of our method maximizes the number of dynamic and ultrastructural parameters that within one experiment can be integrated onto a single organelle, in 3D. The relatively high microscopy. This is shown in Figure 6 , where we show diverse LAMP-1-GFP-positive compartments in relation to the context of LAMP-1-GFP negative structures, such as ER and mitochondria.
Interactions of endolysosomal compartments with ER at membrane contact sites are required for a range of processes, including signaling, transport of metabolites, endolysosomal transport and compartment maturation. 64, 65, 68, 69, [76] [77] [78] Membrane contact sites are morphologically identified as closely apposed membranes (<30 nm), and molecularly by the presence of tethers, 67, 69, 70 suggesting that EM is essential to study these domains in detail. In Figure 6 , we demonstrate the feasibility of using FIB-SEM to determine the level of interaction between previously live-imaged endolysosomal compartments and ER (Table 3) Figure S1 ). In Z, the distances of organelles relative to the coverslip were 300 to 400 nm shorter in FIB-SEM than would expected from the FM data, which is within the axial resolution limit It is becoming increasingly clear that endolysosomal trafficking, positioning and organelle interaction are important parameters for lysosomal maturation, membrane interactions and functioning. 84, 85 Moreover, defective regulation of endosomal trafficking is seen in many neurological disorders, like Huntington's disease, Alzheimer and
Charcot-Marie-Tooth type 2B, 72, 86, 87 and subpopulations of lysosomes are linked to axon formation and cancer progression. 88, 89 To be able to understand the function and regulation of these dynamic interactions it is required that ultrastructural and molecular characteristics are directly linked to parameters that can only be derived from live cells, such as organelle dynamics, positioning and enzyme activities. Since our approach integrates information on the dynamics, molecular composition and ultrastructural context of a single compartment, it is highly suited for multiparameter examination of individual organelles, in healthy and diseased states.
In conclusion, we present a flexible platform to combine available fluorescence microscopy approaches with 3D ultrastructural visualization that reliably links organelle dynamics and ultrastructure, a method we refer to as single organelle microscopy. In addition, we provide a method that allows the selection of ROIs for efficient and targeted FIB-SEM imaging.
| MATERIALS AND METHODS

| Cell culture and transfection
HeLa cells were cultured in a 37 C, 5% CO 2 incubator, in T75 culture bottles (Corning). Cells were maintained in Dulbecco's Modified Eagle's Medium (DMEM; Gibco) supplemented with 10% fetal bovine serum (FBS), 2 mM L-glutamin, 100 U/mL penicillin, 100 μg/mL streptomycin (referred to as completed DMEM). Cells were passaged when confluency reached 85% to 90%, and tested for mycoplasma infection every 4 weeks. Transfections were performed using Effectene transfection reagent (Qiagen) according to manufacturer's instructions.
For correlative live-cell imaging, we used 25 mm diameter photoetched gridded coverslips (Ibidi GmbH). The coverslips were coated with 2 layers of carbon (total thickness 20 nm) to promote cell adhesion and improve their dissociation from Epon resin, using an
Edwards 306 auto vacuum evaporator using thick carbon wire (Agar Scientific, AGE428). Following carbon coating, the coverslips were heated to 120 C overnight. The sterilized coverslips were transferred to 6-well culture plates (Corning) and ultraviolet (UV) sterilized for at least 30 minutes, after which HeLa cells were seeded at a density of 1.5 × 10 5 cells/dish on day 1 under regular culture conditions. On day 2, cells were transiently transfected with a construct encoding LAMP1-GFP at 37 C for 5 hours, after which they were treated with 500 μg/mL dextran-Alexa conjugates (Alexa568 or Alexa 647, Life Technologies) in complete medium supplemented with 30 mM HEPES, to mark degradative compartments. Thirty minutes after dextran addition, cells were incubated at 20 C for 2 hours outside of an incubator to apply a Golgi exit block.
Prior to live-cell imaging, cells were washed 3 times with phenolred-free DMEM supplemented with 2% FBS, 2 mM L-glutamin, 100 U/mL penicillin, 100 μg/mL streptomycin (referred to as liveimaging medium), to remove unbound dextran-Alexa conjugates. The coverslips were mounted in a live-cell imaging holder which was filled with 1 mL live-imaging medium.
| Live-cell imaging and in situ fixation
Live imaging was performed on a Deltavision RT widefield microscope (GE Healthcare) equipped with a conditioned imaging chamber set to 37 C and 5% CO 2 . Time-lapse imaging was performed using a for 1 hour, in the dark at room temperature. After thorough rinsing using ddH 2 O, the coverslips were passed through a graded ethanol:
ddH 2 O series for dehydration (50%, 70%, 90%, 96%, 100% for 2 × 5 minutes each, and 100% with acidified dimethoxypropane for 6 × 5 minutes). Samples were stepwise infiltrated with Epon resin (25%, 50%, 75% in ethanol for 1 hour each), followed by 2 infiltration steps using 100% Epon resin, first for 1 hour, then 16 hours. Final embedding of the coverslips in 100% Epon resin was carried out in 35 mm dishes, and the resin was polymerized for 72 hours at 60 C.
For further improvement of electron contrast, the samples in Figures 90 Samples were washed twice with ddH 2 O and subjected to a graded ethanol dehydration series and infiltrated with Epon resin in the way described above.
| Resin block processing and FIB-SEM tomography
After polymerization, excess material surrounding the carbon-coated part of the coverslip is removed using a small handsaw, resulting in a small slab of resin with the carbon-coated coverslip attached. The coverslip is removed from the resin surface by repeatedly dipping the sample in liquid nitrogen and dH 2 O at room temperature, after which the glass was removed with a clean razor blade. The exposed surface was cleaned using dH 2 O.
The resin-embedded cells are mounted on 12 mm aluminum stubs for SEM using carbon adhesive discs (Agar Scientific), and the sides of the resin block were covered with conductive carbon cement (Agar Scientific) to establish a conductive path to reduce charging effects. To further improve conductivity, the surface of the sample was coated with a 4 nm layer of Pt using a Cressington 208HR sputter coater. Samples were imaged with a Scios FIB-SEM (Figures 1-4) or a Helios G3 UC FIB-SEM ( Figure 5 ) (Thermo Scientific) under highvacuum conditions. The grid pattern embedded in the resin surface was used to retrace the cell of interest, after which the cell contour in SEM was compared with the fluorescence Z-stack to determine the ROI. Using the FIB, a 500 nm thick layer of Pt was deposited over the ROI, at an acceleration voltage of 30 kV and a current of 1 nA. Trenches flanking the ROI were milled at an acceleration voltage of 30 kV, using a high current (5-7 nA), followed by a staircase pattern in front of the ROI to expose the imaging surface. Fine polishing was performed with the ion beam set to 30 kV with a beam current of 0.5 nA, resulting in a smooth imaging surface. Serial imaging was then performed using the in-column backscattered electron detector (imaging settings per experiment are detailed in Table 2 ).
| Image processing
Widefield time-lapse series and Z-stacks were deconvolved using Softworx 6.5.2 (GE Healthcare). Manual tracking and annotation of organelles was performed using the MTrackJ plugin for Fiji. 91 FIB-SEM images were imported as image stack in Fiji 92 and aligned to each other using TrakEM2. 93 The aligned stack was rotated 
